ABSTRACT MERLIN observations of the 22-GHz H 2 O masers in the circumstellar envelope of the supergiant NML Cyg show an irregular ring of emission 200 mas across, plus a pair of outlying features to the NW and SE nearly 600 mas apart. Comparison with maps at previous epochs reveals proper motions of these outlying features, of 1:9 0:4 mas yr ?1 . This corresponds to a transverse velocity of 19 4 km s ?1 at a distance of 2 kpc, which is consistent with the radial velocity range of the 22-GHz emission. The remaining masers which form the irregular ring are modelled as an expanding and accelerating thick shell. The NW-SE symmetry axis of the H 2 O masers is aligned with a NW-SE asymmetry which occurs in the OH 1612-MHz masers on a larger scale of 3 arcsec. It appears that this is an internally driven e ect, most likely a bipolar out ow which is more highly collimated near the star (H 2 O masers) and becomes less collimated at greater distances (OH masers). The results are compared with bipolar out ows seen in other evolved objects.
INTRODUCTION
Water masers are powerful probes of the circumstellar envelopes of evolved stars. The best studied maser is the 22 GHz maser, which corresponds to the 616 ? 523 rotational transition of ortho-H2O. The maser is pumped by collisional excitation of the H2O molecule followed by radiative decay, a process which gives strong inversion of several H2O transitions over a wide range of physical conditions (Cooke & Elitzur 1985; Neufeld & Melnick 1991) . H2O masers are indeed widely found in the envelopes of oxygen-rich evolved stars (Cohen (1989) ; Benson et al. (1990) ; and references therein). Interferometer maps show the 22 GHz masers occur at distances of 10 13 to 10 14 m from the star, the overall radius increasing systematically with mass loss rate (Cohen 1987; Lane et al. 1987; . The structures of the H2O maser regions are clumpy and frequently deviate from spherical symmetry.
Previous maps made with MERLIN and the Very Large Array have traced the overall distribution of maser emission, while Very Long Baseline Interferometry can map the brightest individual features but resolves out fainter struc-? Email addresses: amsr@jb.man.ac.uk J. A.Yates@bristol.ac.uk rjc@jb.man.ac.uk ture. With the upgrade of MERLIN to baselines of up to 217 km it is now possible to map individual maser regions throughout the maser shells for the rst time. This paper reports MERLIN observations of NML Cygni, which are among the rst obtained at 22 GHz with the upgraded instrument. The maps provide detailed information about the regions of the circumstellar envelope where the gas and dust are accelerated to escape velocity, a crucial phase in the mass loss process.
1993) the stellar velocity is estimated to be 0 1 km s ?1 . All velocities are given as VLSR unless otherwise stated. The new MERLIN data provide the rst direct measurements of 22-GHz H2O maser spot sizes and brightness temperatures in circumstellar envelopes (CSEs). More unexpectedly they also highlight the long-term persistence of a well-de ned axis of symmetry in the H2O maser emission. Comparison with previous interferometer data reveals expansion proper motions of some maser spots along this axis (Section 4). Morris & Jura (1983) have suggested that NML Cyg is well on the way to becoming a supernova. In this case the present maser observations on the subarcsecond scale may be relevant to the much larger bipolar structures which are seen in many supernova remnants on arcminute scales (Manchester 1987; Kesteven & Caswell 1987) .
THE MERLIN OBSERVATIONS AND DATA REDUCTION
The MERLIN observations were performed at two epochs, 1985 February 21 and March 26/27. The data reduction for the 1985 data is described in . The velocities and positions of the tted Gaussian components are listed in Table A6 of . The 1994 observations were performed using the upgraded MERLIN (Thomasson et al. 1994) . NML Cyg was observed by four antennae (Cambridge, Darnhall, Mark 2 and Pickmere) for 16.5 hours in left and right circular polarisation. The longest baseline is 217 km giving a minimum lobe separation of 8 mas. The bandwidth was 4 MHz centred on 22.235079 GHz, with 128 frequency channels per baseline giving a channel separation of 0.42 km s ?1 . An integration time of 8 seconds was used. Initial data processing was carried out with local Jodrell Bank programs designed to handle MERLIN data. All calibration and mapping of NML Cyg was done using the AIPS package (Greisen 1994) .
The continuum source 3C84, with a known ux of 23 Jy at this epoch (Terasranta, private communication) was mapped and calibrated, and then used to derive corrections for instrumental gain variations across the bandpass. These were then applied to the spectral bandpass of the NML Cyg observation. Phase and amplitude errors for each telescope caused by the atmosphere and instrumental e ects were then corrected by self calibration (no external phase reference calibrator was used). The frequency channel containing the strongest point-like emission (at ?20:6 km s ?1 ) was self-calibrated in order to calculate the phase and amplitude corrections which were applied to all channels. Hanning smoothing was applied giving a velocity resolution of 0.84 km s ?1 . The data from the Cambridge antenna (the most sensitive telescope, contributing the longest baselines) were weighted up by a factor of 1.64 compared with data from the other antennae. Further details of the MERLIN system and data reduction procedure are given in Thomasson et al. (1994) .
Each channel was mapped, and CLEANed using a 13 mas circular restoring beam. The 3 noise level in the maps is under 20 mJy/beam in quiet channels, which is close to the predicted instrumental thermal noise. In the brightest channels 3 noise is up to 85 mJy/beam because of the limited dynamic range caused by the poor baseline coverage. Two-dimensional Gaussian components were tted to the emission in each channel map to determine the positions, areas and peak and integrated intensities of the maser components (spots). For a partially lled aperture the position error of each spot is estimated to be pos = 0:5 beam (beam noise ratio)/(signal-to-noise ratio)] where the signalto noise-ratio is the ratio of spot peak intensity to the noise in that channel. The beam noise ratio takes into account the irregular shape of the synthesised beam. It is the ratio of the beam peak to the faintest trough within the FWHM of the dirty beam. This would be 2 for a perfect beam, but in the present case it is 6. For these MERLIN observations a maser spot of 5% of the maximum intensity has pos 0:2 mas in 1994 and pos 1:5 ? 2 mas in 1985. This is further discussed in Richards, Cohen and Yates (in preparation) .
RESULTS

Observational results
22-GHz H2O maser emission was detected over a range of 44.6 km s ?1 , between {24.0 km s ?1 to {3.4 km s ?1 , and 0.4 km s ?1 to 20.6 km s ?1 . Figure 1 shows the map of line emission integrated over all channels. The projected image on the sky is a broad irregular ring around 200 mas in diameter, with a pair of outlying features to the NW and SE nearly 600 mas apart. The region within a few beamwidths of the reference feature at (0, 0) contains much stronger emission than anywhere else in the map.
Emission as a function of velocity is shown in Figure , as well as being seen in single dish observations. These two features are symmetric in velocity about the assumed stellar velocity. However, the sensitivity and resolution of current observations have revealed more of the CSE than ever seen before.
This is the rst time that red-shifted emission other than the NW feature has been imaged (in the panels from 4.8 to 20.0 km s ?1 ). The most highly red-shifted feature is close to (0, 0), with another feature at slightly lower velocity around 120 mas to the SE (panel at 20.0 km s ?1 ). Apart from the extreme NW feature, the rest of the red-shifted emission falls along an arc 60 to 120 mas in radius lying to the N, E and S of (0, 0). The moderately blue-shifted extended emission (apart from the extreme SE feature), such as in the panels centred on {16.2 to {0.2 km s ?1 , is also resolved for the rst time. Most of this lies in a similar region to the red-shifted arc, but extends further round through N to W and there are some more scattered features, both closer to (0, 0) and up to 180 mas to the SE. There are a greater number of blue-shifted spots than red-shifted, but apart from the extreme NW feature all the emission redward of {16.2 km s ?1 is fainter than 0.5 Jy/beam.
The emission has some of the characteristics of an expanding thick shell similar to those seen around other latetype supergiants and oxygen-rich Miras (Chapman & Cohen 1986; Lane et al. 1987; Bowers & Johnston 1994; Richards, Cohen & Yates 1995) . The rst and last panels show relatively compact, central, features which may be the front and back caps of such a shell. Moderately red-and blue-shifted material is more extended, mostly lying in an arc from SW to NE through SE, but there is an excess of moderately blue-shifted material in this region. If the highest velocity features are assumed to lie close to the line of sight through the centre of emission, there is a lack of extended material to the NW at similar radii to that around the SE. There is very little emission close to the stellar velocity.
With such high sensitivity, it is clear that the fragmented appearance of the H2O maser shell around NML Cyg repesents real irregularities. The dominance of the bright blue-shifted peak, the pair of far ung features, and the persistence of these masers, are so far unique to NML Cyg.
Maser Features
Isolated emission features detected in several sucessive frequency channels in similar positions are thought to arise from discrete masing regions in the CSE. In order to identify these features the emission in each channel map was analysed into Gaussian components or spots (Section 2). A total of 238 Gaussian components (up to ten per channel) were tted to the data cube. The individual Gaussian components (spots) are shown by the circles in Figure 3 . Their size is proportional to the logarithm of the peak ux density and the grey scale re ects the velocity, with the most red-shifted spots darkest and the most blue-shifted spots palest. Sequences of between 3 and 11 maser spots could be followed through successive velocity channels with positions agreeing to within the position uncertainty, and were assumed to arise from the same emitting region (feature). Gaussian velocity pro les could be tted to the rise and fall of spot intensity across each feature. All maser spots were assigned to 41 such features. Table 1 lists the parameters for each feature derived from the measurements of the Gaussian components. Column (1) shows the ux weighted central velocity of each feature, followed by the number of spots in successive velocity channels making up the feature in column (2). A Gaus-sian curve was tted to the velocity pro le and the resulting full width half maximum (FWHM) of each feature is given in the column (3). Columns (4), (5) and (6) give the error weighted mean position in terms of RA and Dec o set from the phase centre, and the internally estimated uncertainty. Many of the features have distinct non-random structures, and extend over a beam-width or more, although each spot is within a few mas or less of those in adjacent channels making up the same feature. Arcs, laments and irregular blobs are seen. The largest dimension of each feature (column (7)), measured from Figure 3 , varies from 2 to 27 mas, with a mean value of 8 mas.
The peak ux of the brightest spot in each feature is given in Jy/beam (column (8)). The position uncertainty for a spot brighter than 250 mJy/beam is better than 1 mas, while the FWHM of such a spot, after deconvolution, is typically 3 to 6 mas. Therefore it is likely that all but the faintest spots are at least partially resolved. The measurement of the integrated ux Sint and the dimensions of the Gaussian component tted to each spot allow the brightness temperature Tb to be calculated. The method and accuracy of establishing this is further discussed in Richards, Cohen and Yates (in preparation) .
The brightest individual spot at {20.6 km s ?1 had Tb 1:5 10 9 K. The sum of integrated ux from all the spots making up each feature is given in column (9) and the peak Tb of the Gaussian curve tted to the feature velocity prole is given in column (10). These cover a range from 10 9 K down to 10 5 K. This is consistent with the models of Cooke & Elitzur (1985) . 
Kinematics of the Circumstellar Envelope
The data listed in Table 1 were used to investigate the kinematics of the CSE. The stellar velocity was taken as V = 0:0 1:0 km s ?1 . The stellar position is poorly constrained by the patchy distribution of the H2O masers. Several possibilities were considered. The persistent bright blueshifted feature around {19.4 km s ?1 may be amplifying radio continuum emission from the star, which gives (18, 4), in the coordinates of Figure 3 , as the stellar position. Using a least squares method to t a centroid to the maser components (Yates 1993) , constraining the stellar velocity to be 0 km s ?1 , gives a centroid of emission of (18, 2) with 18 mas 3 uncertainty in either direction. The most highly red-and blue-shifted features have a separation of 35 mas, midpoint (22, 4). The agreement between these three methods is better than half a beamwidth. However, the geometric centre of the irregular ring can be estimated by eye, at (50, {40) and this cannot be ruled out as a possible stellar location. Further restrictions on the stellar position are imposed by the assumption that 22-GHz H2O masers are collisionally quenched at number densities greater than about 10 15 m ?3 (Cooke & Elitzur 1985) . Observations analysed by support a relationship between mass loss rate _ M and the minimum radius (1) where rq is the quenching radius and vq is the corresponding expansion velocity at this radius. The radial distance r and expansion velocity v with respect to any given stellar position can be calculated for each maser spot, and a corresponding relationship between v and r established. For _ M = 1:8 10 ?4 M yr ?1 this gives rq = 25 mas for vq = 7 km s ?1 . There is emisson within 7 km s ?1 of V within the ring to the NE and SW but to the NW and SE only the extreme features are at moderate velocities. Thus the stellar position is excluded from regions close to the NE and SW arcs of the ring, allowing it to lie in a region about 60 mas across at the narrowest point. All these considerations lead to two alternative estimates of the stellar position, either at (18, 4) or at (50, {40), with a 3 uncertainty of 30 mas upper limit for each. Figure 4 shows the projected angular separation from an assumed stellar position of (18, 4) as a function of VLSR ?V .
The simplest model to explain the appearance and velocities of the emission as shown in Figures 3 and 4 is a partially Notes: Features are listed in order of the ux-weighted mean velocity of component maser spots. The number of channels is the number of spots in successive velocity channels making up each feature and the feature FWHM and peak brightness temperature are found as described in Section 3.2. The RA and Dec o sets are the error weighted mean positions with respect to the phase centre and the 1 position uncertainty and ux of the peak spot in each feature are found as described in Section 2.
lled thick spherical shell containing 96% of the detected emisision, from which the extreme SE and NW features protrude. The extreme features cannot easily be reconciled with the shell structure. It was decided to use a spherical velocity eld for the bulk of the emission in the rst instance, to facilitate comparisons with other sources tted in the same way. In Section 5.2 the evidence for a non-spherical velocity eld is considered.
The dashed ellipse, which was tted by eye, represents a spherical surface of angular size 50 mas and uniform expansion velocity 15 km s ?1 . This de nes the inner cuto of the H2O maser distribution. At an assumed distance to NML Cyg of 2 kpc, this gives an inner radius ri = 1:5 10 13 m and inner expansion velocity vi = 15 km s ?1 . If the extreme NW and SE features are ignored an outer limit of angular size 240 mas, corresponding to an outer radius ro = 7:2 10 13 m, outer velocity vo = 25 km s ?1 is obtained.
The inner radius of H2O 22-GHz emission is thus just outside the inner radius of emission from dust found by interferometry to be 50 mas at 11 m (Danchi et al. 1994) and found by speckle interferometry at 2-5 m to be 45 12 mas (Ridgway et al. 1986 ).
The increase of expansion velocity with distance from the star indicates acceleration within the H2O maser shell which is parameterised by the logarithmic velocity gradient :
Excluding the extreme features, = 0.33 is obtained for a stellar position of (18, 4). If the stellar position is (50,{40) then the inner limit is at an angular separation of 30 mas, giving ri = 9:0 10 12 m, vi = 18 km s ?1 . The outer limit is at 150 mas giving ro = 4:5 10 13 m, vo = 28 km s ?1 giving = 0.27, again excluding the extreme features.
The inner radii lie well above the estimated quenching radii. The mean value of is 0.30 consistent with moderate acceleration in this region. There is a large uncertainty in estimating inner and outer radii due to the uncertainty in stellar position and the patchy nature of the shell and much higher values of are not excluded.
For material in the stellar wind to escape from the star, its velocity away from the star, at radial distance r, must exceed the escape velocity Vesc given by:
where G is the universal gravitational constant. For a mass of 50 M and ri = 1:5 10 13 m, this gives Vesc = 30 km s ?1 , which is considerably greater than the observed vi = 15 km s ?1 . At ro = 7:2 10 13 m, Vesc = 13.5 km s ?1 , which is much less than the observed vo = 25 km s ?1 . Thus the material is gravitationally bound to the star when it enters the H2O maser zone but unbound when it leaves. This is consistent with observations of other red giants and supergiants (Chapman & Cohen 1986; ). It has only been possible to establish this result for NML Cyg because of the improved angular resolution and sensitivity of MERLIN, which has allowed distinct inner and outer radii to be determined for the rst time.
Comparisons with previous 22-GHz data
The blue-shifted peak around {19 km s ?1 has dominated the 22-GHz spectrum of NML Cyg since the earliest observations in 1969 (Schwartz & Barrett 1970) . This is quite exceptional for water maser emission from late-type stars as individual features rarely survive more than a stellar period (typically one to three years). Table 2 lists all reported 22-GHz H2O maser observations. Peaks at around {4 and +5.5 km s ?1 have also been observed on many occasions but no other features are consistently seen. The mean velocities and 1 dispersions for the three peaks are ?18:7 0:8, ?4:2 0:4 and 5:6 0:4 km s ?1 .
The 22-GHz H2O emission has been mapped at epochs 1981 (Johnson et al. 1985); ) and 1994 (this paper). The bright blue-shifted feature was seen at all three epochs, as was the outlying feature to the NW. The SE feature was mapped at the two most recent epochs. These can be identi ed with the persistent features at velocities of 5:6 0:4 km s ?1 and ?4:2 0:4 km s ?1 respectively. The bright blue-shifted feature has a similar ux at all epochs whereas the uxes of the NW and SE features Figure 3 shows that both features are elongated perpendicular to the NW{SE axis and both features have a velocity gradient along their maximum extent which has persisted since 1985. The extreme velocities of each feature are shown, and the intermediate spots are displaced by a few mas in the same direction for every channel increment in velocity. The NW and SE features have remained roughly constant in position and velocity, with the same elongated shapes and velocity elds. They lie in regions of the maps free from confusion. Figure 3 also clearly shows that the separation of the NW and SE features has increased with time. This is the rst evidence for the proper motion of individual H2O maser features in a CSE, and is described below in detail.
MEASUREMENT OF PROPER MOTIONS
The similarities listed in Section 3.4 allow identi cation of the NW and SE features observed in 1985 with those seen in 1994. The parameters of these features are listed in Table  3 . The simplest measurement of proper motion is calculated from the di erence between the separations of the SE and NW features in 1985 and 1994. This gives an increase in separation of 34:0 7:9 mas in 9 years, corresponding to a mean separation rate of 3:8 0:9 mas per year. If the features are assumed to be moving at equal speeds this gives a mean expansion rate for each feature of 1:9 0:4 mas per year in the plane of the sky.
If NML Cyg is at 2 kpc, this corresponds to a proper motion of 5.7 1:3 10 11 m in 9 years, or to a velocity perpendicular to the line of sight of 19 4 km s ?1 . The mean Johnson et al. (1985) (2) (3) This paper. magnitude of VLSR for the NW and SE features is 5 1 km s ?1 . This gives an expansion velocity for the envelope of 19 4 km s ?1 . This is consistent with the observed velocity range of 22-GHz H2O masers in NML Cyg, {24 to 21 km s ?1 as shown in Figure 4 . If NML Cyg is at 2 kpc, the far ung features are at a mean radial distance of 9.3 10 13 m from the assumed stellar position. The timescale for the NW and SE features to reach their present positions, assuming uniform expansion, is 150 years. However this is likely to be a lower limit as the material will have left the stellar surface at a lower velocity; if expansion follows the velocity eld described in Section 3.3 then the expansion time would be approximately 200 years.
The bright blue-shifted feature which has also survived through all the epochs of observation is likely to be moving almost directly along the line of sight and so to have a negligible proper motion. It can be used to align the 1981 map with those from 1985 and 1994 to an estimated accuracy of 8 mas. When this is done the NW and SE features are found to be expanding away from the central feature at approximately equal rates in opposite directions as shown in Figure  5 . In addition the 1981 data are consistent with the same expansion rate for the NW feature. The position angles of the NW and SE features have remained unchanged within uncertainties. A straight line drawn through the centroids of the far-ung features passes through the region in which the star is assumed to lie. Table 3 gives the parameters of the far ung features and their separations from the blue-shifted peak feature.
An estimate of proper motion including the 1981 data was obtained by measuring all distances from the central blue-shifted peak. Figure 5 shows the separations of the NW Figure 5 . The positions of the 22-GHz H 2 O NW and SE features in NML Cyg at 3 epochs. The ordinate is the radial separation between each feature and the bright blue-shifted feature (taken as the zero of position at each epoch), as given in Table 3 . The vertical lines show the 1 uncertainty in separation. A line is tted to the NW features by an error-weighted least squares t, and a straight line is drawn through the SE features, showing the rate of increase in separation of the features as a function of time.
and SE features from the bright blue-shifted feature increasing as a function of time since 1981. An error-weighted leastsquares t to the position of the NW feature as a function of time gives a proper motion of 2:2 0:5 mas yr ?1 and a straight line drawn through the SE feature positions gives a proper motion of 2:1 0:4 mas yr ?1 . These are within 1 of the more accurate result, independent of identi cation of the {19 km s ?1 feature, obtained by comparing the far ung feature separations only at the two later epochs when both were observed.
There is only one previous detection of H2O proper motions in a CSE . This was the detection of a general expansion of the H2O envelope of IK Tau, corresponding to proper motions of 6 mas yr ?1 for individual masers. This detection was, however, statistical in nature. Thus the present results for NML Cyg constitute the rst detection of proper motions of individual H2O masers in a CSE. of bipolar out ow. This is reinforced by the detection of expansion proper motions of these two features away from the stellar position. From the low LSR velocities we know that the out ow must be almost in the plane of the sky. Further evidence for bipolar symmetry comes from OH and IR measurements. The arcsecond structure of the CSE of NML Cyg is traced by OH 1612-MHz maser emission, which was rst detected from NML Cyg by Wilson & Barrett (1968) . The twin-peaked pro le has remained very similar ever since, with a stronger blue-shifted peak and a rather complex prole when studied at high spectral resolution. The source was rst mapped by Masheder et al. (1974) and maps have since been published by Moran et al. (1977) , Benson & Mutel (1979 ), de Vegt et al. (1987 , Bowers, Johnson & Spencer (1983) and Diamond, Norris & Booth (1984) .
CIRCUMSTELLAR ENVELOPE
The overall appearance of the OH envelope is similar at all epochs. The maps show an elongated distribution of OH 1612-MHz masers with a position angle of about 150 . Data from Masheder et al. (1974) are shown in Figure 6 . The data have been corrected for a 180 phase ambiguity in the measurements, which were made with a two-element interferometer. Also shown are the new MERLIN 22-GHz data. The two data sets have been aligned using absolute position measurements by de Vegt et al. (1987) .
It is remarkable that the small-scale distribution of H2O masers has such a similar axis of symmetry (position angle 132 ) to the large-scale distribution of OH 1612-MHz masers. If this is interpreted as a bipolar out ow the velocities of the H2O masers suggest that the NW lobe is receding and the SE lobe is approaching.
Further evidence for the NW-SE symmetry axis comes from infrared data, in particular speckle interferometry, which has been used to partially resolve emission from warm dust in the inner CSE. McCarthy (1979) observed a 5 m disc 180 by 120 mas FWHM with the long axis at position angle 140 -150 . Dyck et al. (1984) found the apparent FWHM increases with wavelength, as expected if emission comes from dust which is hottest nearest the star. He found an elongation consistent with that reported by McCarthy (1979) . Thus together the IR, H2O and OH data give a consistent picture of a coherent bipolar structure on scales from 0.1 to 3 arcsec, elongated along position angle 130 -180 .
Axisymmetry of the velocity eld?
Several aspects of the envelope kinematics are puzzling. Firstly despite the axisymmetric distribution of H2O masers there is no strong evidence for a non-spherical velocity eld. The bulk of the emission can be modelled using spherical symmetry (Figure 4 and Section 3.3) although more complicated models are not ruled out. Furthermore the H2O proper motions of the far ung NW and SE features imply an expansion velocity which is similar to that of the rest of the H2O masers. In other bipolar out ows the lobes may have much higher expansion velocities. It is unlikely that a distance error for NML Cyg could have led to the expansion velocity being underestimated, as the adopted distance of 2.0 kpc is already higher than most previous estimates. On the other hand it may be signi cant that the bipolar structure in NML Cyg is much smaller than other known examples, which could indicate that it is less highly eveolved. The onset of a fast bipolar wind would lead to the formation of a pair of polar shocks. It may be possible to explain the excitation of 22-GHz H2O masers and the apparently low expansion velocity if the masers were excited by infrared radiation associated with the shock shining ahead into the slowly out owing molecular gas, as envisaged by Tarter & Welch (1986) in their model of H2O masers in star-forming regions.
The distribution of the OH 1612-MHz emission itself is weakly bipolar on a much larger angular scale. The OH velocity eld cannot be well modelled by a single expanding shell, and may for example involve an axisymmetric out ow of the type proposed by Bowers (1991) . This needs further investigation. Recent MERLIN data on the OH 1612, 1665 and 1667 MHz masers, together with the present H2O data, will be invaluable in modelling the envelope kinematics over a range of angular scales (Diamond et at., in preparation).
DISCUSSION
The most striking result from the present measurements is the detection of bipolar out ow. The NW and SE maser features lie approximately symmetrically about the assumed stellar position, they have velocities which are approximately symmetrical about the stellar velocity, and they are moving outwards in opposite directions at approximately equal rates (Section 4). In recent years there has been an accumulation of evidence for bipolar out ow from evolved stars. In some cases such as OH231.8+4.2, masers trace a biconical shape which could be the interface between a dense equatorial belt and faster material owing into the lobes (Bowers & Morris 1984; Bowers 1991; Reipurth 1987) . In other cases masers may trace the bipolar lobes themselves (e.g. te Lintel Hekkert, Chapman & Zijlstra 1992) . The bipolar structure seen in NML Cyg is the smallest example yet reported of masers tracing bipolar lobes.
The H2O symmetry axis is aligned with the elongated dust structure traced by IR speckle measurements at 5 m on a scale of 0.1 arcsec, and also with the elongated distribution of OH 1612-MHz masers traced on a scale of 3 arcsec.
Together the data give a picture of a coherent bipolar outow from the star. Previous attempts to explain the axisymmetric distribution of OH masers in terms of external in uences such as UV from nearby young stars (e.g. Diamond et al. 1984 ) now seem to be unnecessary complications.
The occurrence of the NW and SE H2O features implies that the mass-loss from NML Cyg has axial symmetry in its velocity eld, its density distribution, or both. A crucial question is the origin of the bipolarity.
The out ow might be collimated by its surroundings, as in the case of OH231.8+4.2 (Kastner & Weintraub 1995) and the protostellar disc also postulated to explain the ring structure of supernova 1987A (McCray & Lin 1995 ). Another possibility is magnetic collimation. OH maser measurements at 1612 MHz indicate a magnetic eld of about 1mG (10 ?7 T) at a distance of 3 10 14 m from the star , while 6035-MHz measurements by Zuckerman et al. (1972) yielded a magnetic eld of 13 mG (13 10 ?7 T). The 6035-MHz line has higher excitation requirements than the 1612-MHz line and is likely to arise closer to the star. Fields of this strength have an energy density su cient to in uence the out ow. Charged dust grains could provide the coupling between the radiation pressure and the out owing neutral gas (Chapman & Cohen 1986) . If this mechanism is in play then we would expect to observe regular polarization structure in the OH masers, with a NW-SE symmetry. This could be veri ed by MERLIN measurements. Finally it may be possible to nd direct evidence for an axisymmetric wind structure by more sensitive proper motion measurements of H2O, OH and SiO masers. These data would also be relevant for testing the various twin-wind models which have been developed to explain the bipolar structures of planetary nebulae (Mellema & Frank 1995; Icke 1994 ) and supernova remnants (Panagia 1995; Manchester 1987; Kesteven & Caswell 1987 ).
CONCLUSIONS
The 22-GHz H2O maser emission from NML Cyg has been mapped at high angular resolution and high sensitivity using the upgraded MERLIN interferometer. A striking aspect of the maser distribution is the existence of two farung features to the NW and SE, at distances of about 300 mas. These lie approximately symmetrically about the assumed stellar position, and their LSR velocities of +6 and {4 km s ?1 are approximately symmetrical about the stellar velocity of 0 1 km s ?1 . The two features have persisted for at least 10 years. Comparison with previous interferometer maps shows that they have expansion proper motions of 1:9 0:4 mas yr ?1 away from the stellar position. These correspond to transverse velocities of 19 4 km s ?1 in the plane of the sky (Section 4). This is the rst time that proper motions have been measured for individual H2O masers in a circumstellar envelope.
The new maps resolve individual circumstellar H2O maser features for the rst time. The features have angular sizes of typically 8 mas corresponding to 2:4 10 12 m at the assumed distance of 2 kpc, velocity widths of typically 1 km s ?1 , and brightness temperatures which range from 10 5 to over 10 9 K (Section 3.2). The brightness temperatures are in reasonable agreement with theoretical predictions by Cooke & Elitzur (1985) .
The bulk of the maser emission traces an irregular ring-like structure 200 mas in diameter. The distribution and kinematics are consistent with an accelerating out ow through a thick maser shell, with the inner radius of 22-GHz emission limited by quenching of the maser. At this distance the material is still bound to the star. At the outer radius of the maser distribution the gas has been accelerated past the escape velocity. The logarithmic velocity gradient through the H2O thick shell is at least 0.3, similar to that determined for the other supergiants VX Sgr and S Per (Chapman & Cohen 1986; Richards et al. 1995) .
The distribution of the H2O masers, particularly the NW and SE features with their expansion proper motions, is strong evidence for bipolar out ow from NML Cyg along a symmetry axis at position angle approximately 150 . The symmetry axis is aligned with the elongated distribution of OH 1612 MHz masers, which extend to 3 arcsec. Previous authors have ascribed the OH symmetry to external in uences, but it is much more likely from the present data that the e ect is internally driven by a bipolar out ow from the star. Further evidence for bipolarity on the scale of 0.1 arcsec comes from IR speckle measurements, which indicate an elongated distribution of 5 m emission at the same position angle (Section 5.1). Bipolar out ow of the kind seen in NML Cyg could be a precursor to the bipolar supernova remnants which are the end result of the evolution of such massive stars.
